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ICE-PROTECTION SYSTEM 

SUMMARY 

Icing and drag investigations were conducted in  the NACA Lewis 
icing reeearch tunnel employing a combination them-pneumatic  ae '- icer 
mounted on a 42-inch-chord XACA OCl.8 a i r fo i l .  The de-icer  consisted of 
a 3-inch-wide electr ical ly   heated  s t r ip  symmetrically  located  about the 
leading edge w i t h  inflatable tubes on the upper and lower airfoil sur- 
faces aft of the heated area. The entire  de-icer extended t o  approxi- 
mately 25 percent of chord. 

A maximum power density of 9.25 watts per sc&re inch was required 
f o r  marginal ice protection OII the airfoil leading edge a t  an air tem- 
perature of Oo F and an airspeed of  300 miles per hour. 

Drag  measurements indicated that w i t h b u t  icing,  the  de-icer 
installation  increased the section dzag t o  approx-tely 140 perdent 
of that of the bare a i r f o i l ;  w i t h  the tubes  inflated, this value . 
increased t o  a maximum of approxiinately 620 percent. A 2-minute 
tube-inflation  cycle  prevented  excessive  ice  formation on the inflat- 
able area although smaU scat tered  res idual   ice  formattons remained 
after inf la t ion and were  removed intermittently during later  cycles.  

Effects of the time lag of heater  temperatures after initial appli- 
cation of power and the  insulating  effect  of ice  formations on heater 
temperatures were also dekermined. 

I n  the  past, most  of the commercial ice-protection equipment used 
on airplane wings has been of the pneumatic type or, i n  some caaes, 
electrically  heated boots; more recently, a hot-gas system has been 
wed. The pneurmatic type provide6 fcing  protection without necessi- 
t a t ing  a large supply of e lec t r ic  power, as is required for an e lec t r i c  
system but a Larger drag loss reeults and some ice f o m t i o n  must be 
tolerated  to  permit  cyclic  ice removal using the inflatable  tubes. The 
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cap of ice  that farms at the leading edge of the -fail during ic ing 
conditions l a  very  diff icul t  t o  remove and during most cycl ic   e lectr ic  
d,rr-icing operations is removed qdy wLth special provision. A thermal 
and pneumatic de-icing smten waa therefore  devised to provide  elec- 
t r ic   ic ing  protect ion. .a t . the le-&ing edge with cyclic pneumatic pro- 
tect ion rearward on both airfoil surfaces. 

The investigation of‘ the thermal-pneumatic system was conducted 
in 1945 in the NACA Lewia icing research tunnel at  the requeat of the 
Air Materiel Command .imd the information is being made more generally 
available bemuse of the  inquiries that have been 2”eCeiVed regarding 
this type system. The study waa made t o  determine  the a e r o m m i c  per- 
formance of the bere a i r f o i l  as conpared with  the a h f o i l  with  de-icer 
installed,  using inflated and derlated cmditione of‘ the pneumatic 
tubes. The effectiveness of the’ unit a8 a satisfactory  de-icer was 
also determined together wlth. t he  electric-heating  requirenente a t  the 
leeding e Q e  & t h e   a m o i l .  me rtisults presented a p p u   t o  13 specific 
ins ta l la t ion  and are  not necesaarilg  representative of‘ a l l  syrstems of 
t h i s  general type. 

. APP- 

The experimental the&-pwumatic de-icer wae instal led in  the 
icing research tuzlnel on an NACA. 0018 airfoil having a chord of 42 inchea 
and a span of 36 inches. The airfoil vas mounted from the  ceil ing of- 
the  throat  section (fig. 1 ) .  apprbxim&ely ll feet domtream of a eprw- 
s t ru t   t ha t  atomized water t o  produce an icing cloud. 

The inf la t ion and deflation of the pneumatic de-icer tubea w m  
contzolled by a snap-action aolenoid dfs t r ibu tor   vdm;  a vacuum pump 
waa connected to   the  exhawt side t o  prevent  auto  inflation due t o  a 
pressure  dffferentisl between the imide  and the outside of the de-icer 
tubes. 

Construction of de-icer. - Detaile of the inatal la t ion and con- 
atruction of the de-icer are a h m  in  figure 2. The de-icer w a s  approxi- 
mately 0.1 Inch thick and consiated of an e lec t r ica l ly  heated s t r i p  

3 inches wide and 33$ inches long cemented symmetrically about the 
leading-edge chord line, with 32 infhtable tubes  extending spanwise 
and spaced on approximately  13/16-inch  centers, 1 6  on either Bide of 
the  airfoil   adjacent t o  the electrically  heated area. The inflatable 
tubes were made of neoprene-covered stretchable nylon fabric ,  requiring 
an air peesure of from 25 to 30.gounds per square  inch*for inflation. 
The tubee were 3/4 inch wide anh extended rearward t o  approximately 
25-percent chord. The alr supply wae valved t o  m o w  al ternate   inf la t ion 
of addacent tubes (primary and secondary) on.botkside6 07 the airfoil. 

The heater element coxmisted of number 34 chramel wires located 
approximately 0.020 fnch frm the external surface, with several 
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thicknesses of g l m s  fabr ic  and neoprene on ei ther  side of the wire, 
ag shown in figure 2. The wire elements were spaced c h o r d a e  at 
1/8 -inch  intervals. 

Instrumentation. - Two gr0u-w of three thermocouples each were 
mounted at the midspan position on the airfoil between plies of the 
heater to indicate the heat f l a w  i n w a d  and outward. One group of 
thermocouples was located at the leading edge and the other apprclximately 
11 inch fram the leading-edge center lfne. Each group consisted of a 

thermocouple on the  outaide suzface, one adjacent  to a heater,wire,  and 
one on the a i r f o i l  skin under the  heater. 

4 

Temperatures were measured 6n an automatic flight recorder and a 
recording wattmeter w a s  used t o  measure t he  power t o  the bating ele- 
ment. A wake rake,  inscalled  in the tunnel about  10.5  inches (25-prcent 
chord) downstream of the  a i r f o i l ,  was employed to  measure the aeroaynamic 
drag of the a i r f o i l  as affected by the de-icer installation and by i ce  
accretion on the m o d e l .  

CONDITIONS AZBD PRCKZEURE 

Aerodynamic investigation. - The aer-c portion of the inves- 
t igat ion t o  obtain drag measurements w- cond.wted on the airfoil m o b 1  I 

with and without  the  de-icer  installed. The experiments were conducted 
at airspeeds of 150 and 250 miles per hour and at  an angle of a t tack 
of 0'. With the  de-icer  installed on the airfoil, data were taken f o r  
the following conditions : (1) tubes deflated with no ice ,  ( 2)  tubes 
deflated with ice ,  (3) primary tubes  inflate& with no ice  I and (4)  sec- 
ondary tubes fnflated w i t h  no ice-. Drag values w e r e  obtained from pres- 
sure measurements taken Fn the wake of the a l r f o i l  by applying the 
momentum method used in reference-1. Although the drag  values measured 
w e r e  not evaluated f o r  cross-flow effects, these effects probably uwuld 
not materially alter the over-all  conclusions reg&rdlng the h g  charac- 
teristics of this ice-protection system. 

Determination of m i n k t u n  power densities required f o r  marginal 
icing. - The ieing  investigation was conducted  using a s h m h t e d  icing 
cloud, which contained an effective  droplet   size of approximately 
35 microns bmed on volume maxim& and a liquid-water  content of 
approximately 2 grams per  cubic  meter measured at an airspeed of 
200 miles per hour. Thls condition caused icing  over the entire  area 
of the de-icer and-ig considered en extra6 maximum icing  condition, 
which probably would be ex-ienced i n ' t h e  atmnsphere only  in-rmit- 
tently; therefore, this condition is considered a severe test f o r  the 
de-icer. Angles of attack of Oo and 4O were employed and airspeeds 
were varied from 150 to 300 miles per hour with air temperatures of 
Oo, loo, and ZOO F. 
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A minimum power density t o  the leading-edge heabr  wa8 obtained 
for each  condition by sufficiently  reducing an fnitial excess power 
during a stabil ized  icing  condition  to allow only a t race of i c e   t o  
form over the  heater. !This condition  thus  prevented  formation of an 
i u e  cap over the leading edge, which is d i f f i c u l t   t o  remove and is con- 
ducive t o  heater fai lure  becawe of overheating under the ice. With 
minimum power density therefore, a maximum water flow occurred from the 
heater roarward onto the inflatable  section w h e r e  it waa frozen and 
removed  by pulsations of the  tubes. 

4 

Cycle-time  experiments resulted in  the  selection of a 2-minute 
inflation  cycle. P-y and secondary tubes (fig. 1) w e r e  al ternately 
inflated in succession t o  full inflation, which required approjcimately 
7 eeconds per s e t  of tubes; all tubes were deflated during the remain- 
ing 106 seconu of the  cycle. 

A ser ies  of time-temperature  studies of the  heater were obtained 
during 8 nonicing c o a t i o n  at an airspeed of 250 milee per hour, an 
air temperature of 14' F, and a power deneity to the heater of 5.2 watts 
per square inch. Temperatures at each of the s i i  thermocouple locations 
i n   t h e  heater were recorded at approximately 26-second intervals through- 
out the heat-on  period of the power cycle. 

The investigation of the  de-icw  included only sufficient data t o  
establieh  the  effectiveness of the de-Icer  ogeration and some evidence 
of the  penalties t o  be expected.with the use of auch 8 system. Measure- 
menta for  extensive  correlation and analyticd. study were not  obtained. 

Drag values calculated from total-pressure meaeurements shar that 
at 280 miles per hour and an angle af at tack of Oo, installation of 
the de-icer without tube i d l a t i o n   r e s u l t e d  in a drag increase 140 
percent  greater  than that of the bare a i r f o i l  during  nonicing con- 
ditions. When the secondary tubes were inflated, the drag increased 
t o  470 percent of that of the bare a m o i l  and, with the primary 
tubes inflated, t h i s  value w a s  increased t o  620 percent. Previous 
investigation  (reference 2) of the inorease in drag caused by three 
inflated  tubes  located near the leading edge of 8n MACA 23012 air- 
f o i l   s e c t i o n  showed a n ~ x i m u m  drag increase of 136 percent of the bare 
a i r f o i l  drag a t  270 miles per hour. The entire de-icer covered approxi- 
mately 6.5-percent  chord as compared with  25-percent-chord  coverage 
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for  the  model  discussed  herein. In considering  the drag increases  caused 
by tube  inflation,  however, n o m  operation  would caue such  penalties 
intermittently for only short periode  of  time. 

Observations of the de-icer dm*- both  operation  of  the  elec- 
trically  heated  leading-edge  aection and cyclic  operatton of the  inflat- 
able  tubes  shoved  that  with  marginal  electrfc  power  applied  to  the 
thermal  section  operation of the  inflatable tubes did not completely 
remove  the  ice  formations on the pnematic section of the  de-icer.  Very 
small ice  formations adhered to the fillet  strips  between  tubea at 
scattered  points along the  span  but were a l w s  removed  before  reaching 
excessive  size. AnJF localized  ice  formation that uaa not  removed by 
one  or  two  inflation  cycles waa usually completely  removed by a third 
inflatAon  cycle. Drag measnremente  indicated  that  with  canplete  icing 
protection on the  thermal  section, scatbred residual  ice fomations 
on the  pneumatic  section after an inflation  cycle  produced lwees 
ap-proximately  equal. to t h  losses  caused  by  ice  that  formed  during  the 
remainder  of  the  cycle.  Operation of the  tubes,  however,  did  satia- 
factorily  prevent  cumulative formations of ice and excessive drag. 

The  effect of icing on drag w i t h  variations in power density of 
the heater but without  operation of the pneumatfc system is shown in 
figure 4 for  airspeeds of 150 and 250 miles per hour and air  tempera- 
tures of o0 ana ZOO F. 

At Oo F and 250 miles per hour, 7.5 mtts per square inch was 
insufficient for marginal  ice  protectfon OR the  leading-edge area so 
that  after 5 minutes of icing,  the power density waa increased  to 
8 watts  per  square inah, which cawed shedding of ice  but only &er 
considerable  ice  build-up. At an air  temperature of 20° F, 3.0 watts 
per  square  inch was sufficient  to  cause  shedding of ice with a result- 
ant  decrease  in drag after 5 minutes of icing. 

With a reduction of-airspeed from 250 to 150 -ea per  hour at an 
air temperature of ZOO F, 3.0 watts per square inch wa8 excessive and 
efter 10 minutes of icing, the power density was reduced  to 2.0 watts 
per  square  inch. m e r  16 minutes the power  density was further reduced 
to 1.75 watts per square inch without reaching a mrginal icing  con- 
dition.  With ~ t l l  additional  reduction in pow" density to 1.5 watts per 
square  inch,  however,  exceasive  icing  occurred. 

A considerable lag w a ~  found to exiat in the  effective  shedding 
of ice f r o m  the  heated L e w - e d g e  mea after  the  power WBB applied 
for all conditions  of power density. A.time history of temperatures 
through  the  heater  at  the  leading-edge  midspan  position  during an 
application of power  is shown in  figure 5. These  results  were  obtained 
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during a nonicing  period a t  an airspeed of 250 miles per horn, an air 
temperature of 14O F, and a power deoeity af 5 .2  watts per square  inch. 
The surface and wire temperatures s t a b i l i z e  in a-ppoximately 100 sec- 
onds and the &foil-skin temperature required approximately 240 aec- 
onds. These reeults  indicate that the outer surface of the  de-icer 

f o i l  skin because of i t a  large =tal -8 requires additional time t o  
reach therma;l equilibrium. The drag measurements shown i n  figure 4 
indicate that even though th; surface  temperature  stabilize8 i n  100 sec- 
onds s0.tha.t the inner face of the  ice is melted, several edditional 
misutes are required t o  produce actual shedding of the ice.  Observstion 
of an iced  surface over a heater reveals   errat ic  movement of water under 
the ice  long before  the  ice cap becomes sufficiently unbalanced t o  shed 
o r  for the heat t o  melt t h r o w  the i c e   t o   i n i t i a t e  ehedding. 

. responde rather quickly t o  the application of heat  but that the air- 

The  power denelties  required  for  marginal  icing  protection with 
variation  in  airspeed at air brnpratyres of Oo, loo, and 20° F are 
shown in  figure 6. These data were taken at an angle of attack of 4O 
except one condition a t  loo F, vhfch wae taken at 0’ sngle of attack. 
A maximum power deneity of 9.25 watts per square inch w a a  fgund neces- 
sary fo r  marginail. ice  protbction at an air temperature of 0 F and an 
airspeed of 300 miles per hour. As airspeeds  decreased and air tem- 
peratures increased, power densities  decreased. Measurements of 
m a r g i a  poweg d e m ~ t i e s  a t  loo F indicate that .a change i n  o r  
attack from 0 t o  4 O  has negligible  effect on the power requirements. 

Measurements of temperature on the  external  surface and wlthin the 
heater, aa shown in f i w e  7, were. obtained  during  icing  condition8 and 
at  an air temperature of 10’ F. The first  evidence of i c e  vas observed 
t o  occur directly over the leading-edge  themocouplee. In every ca8e 
except at the  lowest power density (fig. 7 ( d ) ) ,  the de-icer  outer 
surface and wire temperatures were higher than those  temperatures meas- 
ured on the airfoil sun. The airfofl-skin temperatures for each gmup 
of themocouples were approximately  equal even though a large gradient 
existed between the wire temperature a t  the two locations. This 
“leveling out” of t h e  skin temperatures is attr ibuted t o  the high con- 
ductivitg of the metal. 

The following resu l t s  were obtafned from an i c i q  investigation 
. conducted i n  the NACA Lewis icing  research  tunnel  wing a thermal- 

p m m t i c  de-icer mounted  on a 42-inch-chord IWCA 0018 a i r fo i l .  
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1. Excessive ice  formation w a s  prevented on the  inflatable  areas 
when the pneumatic tubes were operated on a 2-minute inflation cycle 
with  continuous electric  heating at the  leading edge. 

2. During nonicing  conditions  the FnstaLlation of the  de-icer  with 
no tubes  inflated resulted h a drag increase approximately 140 percent 
greater than that of the bare airfoil. Thfs value  increased t o  a 
maximum of approximately 620 percent  with tube inflation. 

3. With complete icing  protection on the leading-edge  thermal 
section of the  de-icer and with  the  tubes  operating on a 2-minut;e 
inflation cycle, dreg memurements indicated  that  scattered  residual 
ice  formations on the pneumatfc section d t e r  an inflation  cycle 
produced drag losses approximately equal to the drag incurred by Ice 
tha t  formed during %he remainder of the cycle. 

4. A maximum power density of 9.25 ktts per square inch was 
required f o r  marginal ice  protection of the  a i r foi l   leading edge a t  
an air temperature of Oo P and an airspeed of 300 miles  per hour. 

5. After an ini t ia l   appl icat ion of power  t o  the thermal  section, 
approximately 100 seconds were required f o r  s tabi l izat ion of the sur- 
face  tempereturea  with  several  additional minates required for effec- 
t ive  shedding  of leading-&dge ice  formations. 

6 .  With marginal power densit ies,  small  ice  formations  over the 
heated  mea  effectively  ineulated the surface so t ha t  the surface 
temperatures were i n  some ca8es increased fer above freezing  befdre 
shedding of i c e   o c m e d .  

Lexis Flight  Propulsion  Laboratom, 

Cleveland., Ohio. 
Nat iona l  Advisory C-ttee f o r  Aeronautics, 

1. Goett, H m y  J.: ExperimentaL Investigation of the Momentum Method 
for Determining Profile Drw. NACA Rep. 660, 1939. 

2. Robinson, Russell G.: The Drag of Inf la table  Rubber De-icers. 
NACA TI? 669, 1938. 
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gigure 2. - Constrwtim ana inetallatian'd 
42-inoh-chcuA HacA 0018 airioil. 
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Figure 5. - Marginal power  requirements  for icing protection on leading 
edge of NACA 0018 a i r fo i l  section equipped with thermal-pneumatic 
de-icer. 
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a i r fo i l  skin 
wire heating element 
be-icer outer surface 

Figure 6 .  - Temperature pattern for thermal area of thernal-"tic de-icer at  parginal parer 
densities &r€ng icing. Air teqerature, loo P; angle of attack, Oo; liquid-water content, 
2 grama per cubic nrter; mean affective &*Let efze, 35 microns. 




